Abstract-Mobile-to-mobile (M2M) fading channels in cooperative networks can efficiently be modeled using the multiple scattering concept. In this paper, we propose a new second-order scattering channel model for M2M fading channels in ampHfyand-forward relay links under line-of-sight (LOS) conditions, where the received signal comprises only of the single and double scattered components. In the proposed model, LOS components exist in the direct link between the source mobile station (SMS) and the destination mobile station (OMS) as well as the link via the mobile relay (MR). Analytical expressions are derived for the probability density function (PDF) of the envelope and phase of M2M fading channels. It is shown mathematically that the proposed model includes as special cases double Rayleigh, double Rice, single-LOS double-scattering (SLDS), non-line-ofsite (NLOS) second-order scattering (NLSS), and single-LOS second-order scattering (SLSS) processes. The validity of all theoretical results is confirmed by simulations. Our novel M2M channel model is important for the investigation of the overall system performance in different M2M fading environments under LOS conditions.
help communication system designers to investigate the overall performance of cooperative communication systems.
So far, M2M amplify-and-forward relay fading channels have been modeled only for some specific communication scenarios, either assuming NLOS or partial LOS propagation conditions. It has been shown in [5] that under NLOS propagation conditions, the M2M amplify-and-forward relay fading channel can be modeled as a double Rayleigh fading channel [6] , [7] . Motivated by the studies of double Rayleigh fading channels for keyhole channels [8] , the so-called double Nakagami-m fading channel model has also proposed in [9] . Furthermore, in amplify-and-forward relay environments, the M2M fading channel under LOS conditions can be modeled as a double Rice fading channel [10] and/or as an SLDS fading channel [11] . However, M2M fading channels in cooperative networks can efficiently be modeled using the multiple scattering concept [12] .
In multiple scattering radio propagation environments, the received signal comprises of a sum of the single, double, or generally multiple scattered components. In this paper, we model the amplify-and-forward relay fading channel as a second-order scattering channel, i.e., the sum of only the single and double scattered components [13] . The novelty of our approach is that we have extended the NLSS [13] and SLSS [13] channel models to a multiple-LOS second-order scattering (MLSS) channel model by incorporating multiple LOS components in all transmission links, Le, in the direct link between the SMS and the DMS as well as in the links via the MR. Furthermore, an important feature of the proposed MLSS channel model for M2M fading channels is that it includes several other well-known channel models as special cases, e.g., the double Rayleigh model, the double Rice model, the SLDS model, the NLSS model, and the SLSS model. In this paper, we have derived an analytical expression of the PDF of the MLSS process, along with the PDF of the corresponding phase process. The correctness of all theoretical results is confirmed using a high-performance channel simulator. Furthermore, all presented results would provide evidence that the statistics of MLSS fading channels are entirely different from the special cases discussed above.
The rest of the paper is structured as follows: In Section II, the reference model for the amplify-and-forward MLSS fading channel is developed. Section III deals with the analysis of the statistical properties of MLSS fading processes. Section IV confirms the validity of the analytical expressions presented in Section III by simulations. Finally, concluding remarks are given in Section V. (3) where P (1) (1 can be obtained using the multivariate Gaussian distribution (2) is a non-zero-mean complex double Gaussian process, i.e., (2) 
III. ANALYSIS OF THE MLSS FADING CHANNEL
In this section, we derive the analytical expressions for the statistical properties of the MLSS fading channel introduced in Section II. The starting point for the derivation of the analytical expression of the PDF of the MLSS fading channel, as well as the PDF of the corresponding phase process is the computation of the joint PDF PX.PI X.
P2 XPI X.P2 (UI' U2, UI, U2; t) of the stochastic processes XPI (t), XP2 (t), XPI (t), and XP2 (t)
at the same time t. Throughout this paper, the overdot indicates the time derivative. Equation (2) 
II. THE MLSS FADING CHANNEL
Under NLOS conditions, the complex time-varying channel gain of the multiple scattering radio propagation channel proposed in [12] can be written as
where /-lei) (t) (i == 1,2,3, ... ) is a zero-mean complex Gaussian process that represents the scattered component of the ith link and 0i (i == 1, 2, 3, ... ) is a real-valued constant that determines the contribution of ith scattered component. In (1), the Gaussian processes /-lei) (t) are mutually independent. However, when the fading channel is modeled by taking into account only the first two terms of (1), the resulting channel is referred to as the NLSS channel [13] . Here, we are presenting an extension of the NLSS channel to the MLSS channel by incorporating LOS components in a novel manner for M2M amplify-and-forward relay fading channels. The considered communication scenario determined by an SMS, a DMS, and an MR is shown in Fig. 1 . (2) where QI == 1 and Q2 == A MR • The quantity A MR in (2) is referred to as the relay gain. Since we have assumed fixed gain relays in our system, it follows that A MR is a real constant. Furthermore, in (2), /-l~l) (t), /-l~2) (t), and J-l~3) (t) are statistically independent non-zero-mean complex Gaussian processes, which model the individual M2M fading channel in the SMS-MR, MR-DMS, and SMS-DMS links (see Fig. 1 ). Each
Starting from (1), ignoring J-l(i) (t) \:j i~4, and replacing
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pse(x,O;t) = JJPssee(x,x,O,O;t)dOdx (7)
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A. PDF of the MLSS Process
The joint PDF PBS (x, fJ; t) of the MLSS process S (t) and the phase process 8 (t) can be obtained by solving the integrals over the joint PDF Pssee (x, X, 0, 0; t) according to (see, e.g., [14, Eq. (3.2)]). The expression for the joint PDF P(P1(P2~P1~P2(Yl,Y2,iJl,iJ2;t) is presented in (4), where the quantity f3i (i = 2, 3) is the negative curvature of the autocorrelation function of the inphase and quadrature components of /-lei) (t) (i = 2,3). Under isotropic scattering conditions, /3i (i = 2,3) can be expressed as [15] , [16] for x~0 and \fJl S 11". Solving (7) 
In (8), 1 0 (.) is the zeroth-order modified Bessel function of the first kind [19] .
The PDF PB (x) of the MLSS fading process S (t) can be obtained by integrating (8) 
The symbols ! maxj s f maX 2 ' and f maxx appearing in (5a) and (5b) denote the maximum Doppler frequency caused by the motion of the SMS, the MR, and the DMS, respectively. Substituting the joint PDF P (1) (1). (1) . (1) (Ul' U2, Ul, U2) and
(4) in (3) , applying the concept of transformation of random variables [17] , and doing tedious algebraic manipulations, the joint PDF Pssee (x,x,o,O;t) of the processes B(t),
, and 8 (t) can be derived. The resulting joint PDF Pssee (x, X, 0, 0; t) is presented in (6), which is of fundamental importance, because it provides the basis for the computation of the PDF, level-crossing rate (LCR), and average duration of fades (ADF) of the MLSS process S (t) as well as the PDF of the phase process 8 (t). Using (6), the analytical expressions of the LCR and ADF of the MLSS process S (t) have been derived in [18] . In (6) , the quantity (31 is given by /31 = 2 (0"1 7r)2 (!~ax1 +!~ax3) [15] , [16] . 00 00 00 00
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Similarly, substituting A MR == 1, P2 == P3 == 0, and ar ---+ 0 in (10) allows us to write the PDF of SLOS processes in the For the special case when A MR == 1, PI == 0, and ar ---+ 0, the PDF of MLSS processes given in (10) reduces to the PDF of double Rice processes [10] form [11] g6 (x, 0) == x 2 + pi -2XPI cos () .
The proofs for all the mentioned special cases are not included in this paper for reasons of brevity.
where
The PDF of NLSS processes (see, e.g., [13] ) can be derived from the PDF of MLSS processes by substituting PI == P2 == P3 ==°in (10) , i.e.,
ps(x) IAMR=l =~ẽ~Joow e-~KO(-W--)
Pl,P2,P3=0 aI0"20"AMR 0"2 UA MR o fo(~X) dw, x~o. (15) Finally, solving (10) for P2 == P3 == 0, the PDF of SLSS processes [13] is obtained as
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It is worth mentioning that the joint PDF PS8 (x, 0; t) in (7) is dependent on time t. Nevertheless, the PDF PS (x) in (10) is independent of time t showing that MLSS processes B (t) are first order stationary. From the PDF PS (x) of MLSS fading processes S (t), the following special cases can be obtained.
Substituting A MR == 1, PI == P2 == P3 == 0, and taking the limit ar ---+°in (10), reduces the PDF of MLSS processes to the PDF of double Rayleigh processes (see, e.g., [5] , [6] )
B. PDF of the Phase Process
Integrating (8) over x in the interval [ 0, 00 ) results in the following expression for the PDF Pe (fJ; t) of the phase process
xe-91';;t') 1 0 ( J92 (w, 1/, ib:t) ) [ 1 +~93 (w, e, tf;; t) x e!g~(w,8,."';t) { 1 + <I> (93 (w~tf;; t)) }] , lei < 1f (18) where 91 (".; t), 92 (', ".; t), and 93 (', ".; t) are defined in (9a), (9b), and (9c), respectively. In (18) The PDF Pe (0; t) of the phase process 8 (t) given in (18) reduces to the PDF of the phase process corresponding to double Rayleigh [10] , double Rice [10] , SLDS [11] , NLSS, and SLSS processes by selecting PI, P2, P3, and at in a similar fashion as described in Subsection III-A.
IV. NUMERICAL RESULTS
In this section, we will provide sufficient evidence to support the validity of the analytical expressions presented in Section III with the help of simulations. Furthermore, for the sake of completeness, a detailed comparison of the PDF pg (x) of the MLSS process S (t) to that of the special cases mentioned above will be presented. Similarly, a comparison of the PDF Pe (0) of the phase process 8 (t) with other phase PDFs will also be presented. The concept of sum-of-sinusoids [16] was employed to simulate the underlying uncorrelated Gaussian noise processes of the overall MLSS process :=:(t). The number of sinusoids required to simulate the inphase and quadrature components of Gaussian processes J-L(i) (t) was selected to be 20 and 21, respectively. Furthermore, the simulation model parameters were computed using the generalized method of exact Doppler spread (GMEDS I ) [20] . The maximum Doppler frequencies, Le., !maxl' ! m ax2' and f m ax 3 were set to 91 Hz, 75 Hz, and 110 Hz, respectively. Furthermore, for simplicity, the amplitudes of the three LOS components PI, P2, and P3 are assumed to be equal, Le., PI = P2 = P3 = p. The quantities at, a~, 0"5, and the relay gain A MR are set to 1, unless stated otherwise.
The results presented in Figs. 2 and 3 show a good fitting between the analytical and simulation results. In Fig. 2 , the PDF pg(x) of the MLSS process S(t) is compared to that of classical Rayleigh, classical Rice, double Rayleigh, double Rice, SLDS, NLSS, and SLSS processes for P = 1, where fPl' f P 2 ' and f p 3 , were set to 166 Hz, 185 Hz, and 201 Hz, respectively. It can be observed that the maximum value of the PDF pg(x) of MLSS processes S(t) is lower than that of all the other processes under consideration for the same value of p. However, the PDF pg(x) of MLSS processes S (t) has a higher spread as compared to the spreads of the above mentioned processes for the same value of p. The same trend can be seen when different values of Pi (i = 1,2,3) are selected. Furthermore, increasing the value of the relay gain A MR causes a decrease in the maximum value and an increase in the spread of the PDF of MLSS processes =:(t).
0. 7r-__r---,---r-----.----,---,--- Level, x Figure 3 presents a comparison of the PDF pe(O) of the phase process 8(t) with that of the phase processes corresponding to the classical Rayleigh and double Rayleigh processes, the classical Rice and double Rice processes, the SLDS process, the NLSS process, and the SLSS process for p = 1. It should be noted that the results presented in Fig. 3 are valid for the case when fPi (i = 1,2,3) is set to zero. It can be observed that the PDF of the SLDS phase process has the highest peak. The PDF Pe (0) of the phase process 8 (t) follow the same trend in terms of the maximum value and the spread as that of the classical Rice process for the same value of p, Furthermore, it is interesting to note that for the phase process 8(t) with Pi (i = 1,2,3) being selected as PI = P3 = 0.5 and P2 = 1, the PDF pe(fJ) is almost the same as that of the double Rice process for P = 1. Figure 3 also shows the impact of the relay gain A MR on the PDF Pe (0) of the phase process 8 (t ).
V. CONCLUSION
In this paper, we have proposed a new flexible M2M amplify-and-forward rely fading channel model under LOS conditions. The novelty in the model is that we have considered the LOS components in both transmission links, i.e., the direct link between the SMS and the DMS as well as the link via the MR. By analogy with multiple scattering radio propagation channels, we have developed the MLSS fading channel as a second-order scattering channel, where the received signal comprises of the single and double scattered ----------------, ----- components. Furthermore, the flexibility of the MLSS fading channel model comes from the fact that it can be reduced to double Rayleigh, double Rice, SLDS, NLSS, and SLSS channel models under certain assumptions.
This paper also presents a deep analysis of the statistical properties of MLSS fading channels. The statistical properties studied, include the PDF of MLSS processes along with the PDF of the corresponding phase processes. Accurate analytical expressions have been derived for the above mentioned statistical quantities. The accuracy and validity of the analytical expressions are confirmed by simulations. The excellent fitting of the theoretical and simulation results verifies the correctness of the derived analytical expressions. The presented results show that the statistical properties of MLSS channels are quite different from those of the processes embedded in the MLSS channel model as special cases. It is also evident from the illustrated results that the relay gain has a significant impact on the statistical properties of MLSS channels.
Since the statistics of a fading channel dictate the choice of the transmitter and the receiver techniques, including the detection, modulation, and coding schemes, etc. Therefore, the theoretical results presented in this paper are quite useful for the designers of the physical layer of M2M cooperative wireless networks. Furthermore, the developed M2M channel model can be employed to investigate the overall system performance of M2M communication systems under both NLOS and LOS propagation conditions.
